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Abstract 
The control methods of mechanical and geochemical properties of well cement are investigated here. In particular, 
during cement carbonation from the mixing of brine/saline water and CO2, the maintenance of the long-term 
mechanical and geochemical stability of well grouting cement is considered as a very important investigation 
component. For the investigation of the long-term stability, we attempted to investigate the degree of reactivity with 
carbon dioxide and the change of the material properties along with the mass mixing ratio between cement (API G 
class) and flyash. We also attempted to identify the relationship between the geochemical composition and property 
changes. The applied reaction durations between cement and carbon dioxide in this study were 1, 10, and 100 days, 
but the 1-day and 10-day samples were not considered in this study. To investigate the cement material changes of 
the samples, the porosity, uniaxial compressional strength and tensile strength of each cement sample were measured. 
The applied mixing percentages of the flyash were in the range of 0~35%. Before the reaction, the porosity range of 
the original cement sample was in the range of 20.61~26.67%. The porosity of the cement sample shows a positive 
correlation with the mixing percentage of the flyash and water. Regarding the uniaxial compressional strength, it was 
noted that the correlation between the mass percentage of the flyash and the uniaxial compressional strength is 
negative (53 ~ 78MPa). However, we did not find a significant correlation between the flyash percentage and the 
tensile strength. We also attempted to identify the geochemical composition changes in cement samples, reacted with 
carbon dioxide via XRD and FE-SEM. We plan to conduct an additional examination of the 100- day sample. Based 
on the XRD results, a relative quantitative analysis of cement carbonation is planned to be applied to the 
quantification of the geochemical composition of the cement samples. After the quantitative analysis, the correlation 
between the material property changes and the cement compositions can be investigated. The carbonation rates of KS 
type-I samples are much higher than those of the G class sample, and the change in the mechanical strength is in 
agreement with the carbonation rate. In contrast, the permeability levels after the reaction are 6.5~16.2 times higher. 
It is thought that the disagreement between the mechanical properties and permeability is caused by the crack on the 
sample surface after the reaction. 
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1. Introduction 
Many studies of geologic sequestration are conducted on many detailed topics in addition to the 
progress being made on continuing storage projects. This topic is often studied as part of the effort to 
maintain the long- term integrity of working or abandoned wells, considering the alteration of the grouted 
cement due to the geochemical reactions between carbon dioxide and saline water [1, 2]. Generally, 
Portland cement, such as API G/H class cement, is used as the grouting cement at oil production wells, 
EOR injection wells and injection wells in pilot projects of geologic sequestration. Therefore, some 
studies on the chemical and geomechanical stability problems caused by alterations of Portland cement 
have been conducted. However, research on the quantitative relationship between alterations to this type 
of cement and the integrity is rare.  
From the viewpoint of a quantitative investigation, for changes in the material properties, such as the 
strength, porosity and permeability, of grouted cement to be investigated in conjunction with a 
quantitative analysis of the carbonation rate would be an ideal study. The Rietveld method is one of the 
most prevalent methods in the quantitative analysis of mineral composition, based on crystallography [3, 
4]. To apply the Rietveld method to a quantitative analysis appropriately, however, some information 
about the types of minerals and their exact XRD patterns should be identified. In addition, an XRD 
analysis for the Rietveld method requires the very long time, often up to several hours. Lee et al. [5] 
suggested a simple method of conducting a relative quantitative analysis of the percent of cement 
carbonation. 
In this study, we investigate the apparent relationship between the physical property changes of cement 
and the relative carbonation rate as suggested by Lee et al. [5]. In addition, a comparison of the result 
from each of two types of cement, KS type-I and API G class, is conducted and the effect of flyash as a 
cement additive is investigated.  
 
2. Materials and Method 
In this study, two types of cement were applied, the KS type-I, which is the most prevalent type of 
cement in Korea, and US API G class cement, which is the most common type of cement used in oil 
fields. KS type-I cement is used, in this study in a comparison with US API class G cement. As noted 
above, KS type-I is not also the most prevalent cement in Korea, but it is most similar in terms of its 
specifications with API G class cement statistically. Five types of samples were prepared while varying 
the water/cement and flyash mixing ratio (Table 1). When additional tests were needed, we prepared 
additional samples with different water/flyash ratios. The curing time for the cement specimens used in 
the test was longer than 28 days in a submersible condition. To acquire the background composition, a 
long-term XRD (X-ray Diffraction) analysis was conducted and the porosity, permeability, uniaxial 
compressional strength and the tensile strength of each sample type were measured before the reaction 
with carbon dioxide.   
After the measurements of the background properties, two sets of five types of samples were put into a 
reaction vessel. One set of samples (saturated) was fully submerged below the surface of saline water, 
while the other set (unsaturated) was put above the water surface without any contact with the water. 
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During the reaction with carbon dioxide, the reaction vessel was under the condition of 40ºC and 100 bar, 
with injected carbon dioxide (Fig. 1). Three reaction tests were conducted with different durations of 1, 
10, 100 days. In this paper, the results from the saturated samples at 100 days are described. After the 
reaction, the material properties of the samples were measured again with the same methods apart from 
the porosity and strength. The porosity of the samples after the reaction was not measured because some 
cracks were found on the sample surface. The strength levels of the samples were estimated by means of 
easurement method before the reaction could not be 
applied because the bulk mechanical properties, such as the uniaxial compressional strength and tensile 
strength, were explicitly changed due to surface crack after the reaction.  
To investigate the carbonation rate, we conducted an XRD analysis. FE-SEM (Field Emission- 
Scanning Electron Microscope) and EDS (Energy Dispersive Spectrometer) line analyses were also 
conducted. For the quantification of the carbonation rate in the cement samples, the relative quantification 
method with aragonite, as suggested by Lee et al. [5], was applied. 
 
Table 1. Typical cement sample for the reaction test 
sample cement type W/S (weight) 
ash:cement 
(volume) 
reaction 
duration(day) 
K-1 KS Type-1 0.51 35:65 100 
K-2 KS Type-1 0.38 0:100 100 
K-3 KS Type-1 0.46 0:100 100 
K-4 KS Type-1 0.50 0:100 100 
G-1 G class 0.51 35:65 100 
G-2 G class 0.38 0:100 100 
 
 
Fig. 1. Illustration of the reaction system. The CO2 gas source (A); the temperature & pressure control box (B); the 
reactor (C), including a thermometer (i) and an outlet valve (ii); and an enlargement (D, black dotted line) of (C). The 
reactor contains a pressure gauge (i) and a thermometer (ii). Distilled water (V) was introduced at the half level and in 
the material used to separate the unsaturated condition (iii, the top half) from the saturated condition (iv, the bottom 
half) [5]. 
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3. Results 
The material properties of the cement samples are as follows. Regarding the porosity, the cement 
samples without fly ash, in this case K-2 and G-2, show the lowest porosity of 20.61 and 21.10%, 
respectively. The porosity showed a proportion al trend with the flyash mixing ratio. The samples in 
Table 1 were chosen as the representative samples for the investigation of the property changes caused by 
the reaction with carbon dioxide. Actually, we tested more types of cement samples with various 
water/cement (weight) and flyash mixing (volume) ratios. Based on the overall results, the cement 
samples showed lower porosity levels at lower water/cement (0.35 ~ 0.51) and fly ash mixing (0 ~ 35%) 
ratios. In detail, the porosity of the KS type-I cement is 20.61 ~ 24.5%, while that of the API G class 
cement is 21.10 ~ 26.67%. However, no apparent relationship was observed between the mechanical 
properties, in this case the uniaxial compressional strength and the tensile strength, and the water/cement 
or fly ash mixing ratios. The uniaxial compressional strength of KS type-I without fly ash is 53.08 ~ 
64.32MPa, and that of API G class (G-2) is 77.97MPa, higher than KS type-I. In addition, in the flyash 
mixed sample, G-1 showed a much lower compressional strength of 51.34MPa. On the other hand, KS 
type-I had a higher tensile strength than the G class cement. The tensile strengths of K-2 and G-2 were 
4.09 and, 2.53MPa, respectively. The chemical compositions of two types of cement, KS type-I and API 
G class, did not show explicitly different features from each other, according to the results of the XRD 
analysis [5].The permeability levels of all samples were found to be lower than 0.03mD.  
The permeability levels, which can significantly affect the long-term integrity of a well after a reaction 
of 100 days, were found to be at least 10 times higher than those before the reaction (Table 2). It is 
interesting that both the permeability and mechanical strength are higher than those before the reaction. 
As noted in the previous section, the strength levels of the samples after reacting for 100 days were 
estimated b
strength and the hardness was formulated with the linear regression. The uniaxial compressional strength, 
in the case of KS type-I, is 80% higher in K-3 and 50% higher in K-4. In the case of the G class cement, 
G-1 increased by 60% and G-2 by 20%. The tensile strength showed a similar trend (Table 3). 
 
 
 
Table 2. Permeability rates of the cement samples before and after the reaction 
Sample Before reaction (mD) After reaction (mD) 
K-1 0.015 0.200 
K-2 0.009 0.146 
K-3 0.017 0.138 
K-4 0.012 0.287 
G-1 0.025 0.164 
G-2 0.011 0.108 
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Table 3. ardness. 
Sample 
Before reaction (MPa) After reaction (MPa) 
UCS TS UCS TS 
K-1 48.00 3.16 62.36 3.47 
K-2 96.38 4.17 - - 
K-3 62.38 3.43 111.94 4.50 
K-4 58.50 3.38 84.11 3.91 
G-1 50.07 3.20 90.90 4.06 
G-2 77.85 3.78 92.24 4.08 
UCS : Uniaxial Compressional Strength 
TS : Tensile Strength 
Table 4. Relative quantitative analysis of cement carbonation (modified from [5]) 
Sample Fa K(factor) Fc Fc(VRC) 
K-1 86 2.87  14 40.1  
K-2 93.3 3.11  6.7 20.8  
K-3 75.9 2.53  24.1 61.0  
K-4 79.4 2.65  20.6 54.5  
G-1 94.3 3.14  5.7 17.9  
G-2 98.4 3.28  1.6 5.2  
Fa(fraction of aragonite) and Fc(fraction of calcite) are the values from the equation and the value (30) means weight 
percent of aragonite to be mixed with cement (70 wt.%). 
K: Fa/30  
Fc=100-Fa 
Fc (value from revised calculation)=Fc*K 
 
 
 
The XRD results after the reaction with carbon dioxide showed a strong peak at the calcite main peak 
in the case of KS type-I, while a weaker peak was noted in the G class case [5]. Cubic structures and 
spherical structures, the most common crystal structures  in calcite, could be observed on the SEM images. 
Moreover, the surface analysis results via EDS show that while the material with a cubic structure 
exhibited the composition ratio of calcium carbonate, the spherical structure exhibited a comparatively 
low ratio of calcium, and a higher amount of Si was distributed in it [5]. For a more quantitative 
interpretation of the degree of carbonation in the cement samples, relative quantitative analysis after 
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adding a small portion of aragonite was conducted. The results are listed in Table 3. Generally, the KS
type-I cement showed a higher carbonation rate than the G class cement. However, an obvious
relationship between the carbonation rate and the flyash-water mixing ratios was not observed.
4. Discussion
The most significant results were the differences in the carbonation rate between KS type-I and API G
class. Lee et al. [5] attempted to explain these differences in terms of the differences in the crystal 
structures. Actually, the chemical compositions of each type of cement as analyzed by IPC-AES did not 
show obvious differences, but the results of a TG-DTA (thermogravimetric-differential thermal analysis)
measurement showed an explicit difference in the volatile temperature between KS type-I and API G
class; this difference indicated the relative difference in the thermal stability, due to the different crystal
structures of the two samples [5]. It can be deduced that the different crystal structures induce the
apparent difference in the cement carbonation characteristics. Another story can be told about the flyash
mixing case. In fact, we used only one sample mixed with flyash for each cement type (35:65 volume
percent), and it is almost impossible to formulate a quantitative discussion based on the results in this
study. However, the sample mixed with flyash showed a much higher carbonation rate. A concordant 
relationship between the water/cement ratio and the carbonation rate was also observed.
(a) (b)
                 (c) (d)
Fig. 2. Comparisons of the cement properties with the carbonation rate; (a) permeability after the reaction, (b) initial
permeability, (c) relative compressional strength (d) relative tensile strength
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
Fig. 3. Pictures of the sample after reaction; KS3635wet100day is K-1, KS0.38wet100day K-2, G3565wet100day G-
1 and G0.38wet100day G-2 
 
Although only a limited interpretation can be conducted due to the small number of samples, the 
carbonation rate seems to be related to the permeability of the sample, based on the presented results. 
There are obvious differences between KS type-I and API G class cement, but the carbonation rate shows 
an explicit relationship  with the permeability, especially, after reaction, if we try to investigate them 
separately. The permeability before the reaction is also in good agreement with the carbonation rate, 
although this is less obvious than the permeability after the reaction (Figs. 2(a) and (b)). These results 
indicate that the carbonation rate is likely dependent on the infiltration ability of carbon dioxide into the 
sample in the reaction vessel. In addition, the changes in the mechanical properties show a similar 
characteristic. The relative strength levels, the uniaxial compressional strength, and the tensile strength, as 
defined as the strengths after the reaction compared to the strength before the reaction, show a concordant 
relationship with the carbonation rate (Figs. 2(c) and (d)).  
However, a direct comparison between the permeability and strength can be controversial. In other 
words, the permeability and strength became higher after the reaction simultaneously. If greater strength 
results from minerals filling in the void space due to the carbonation process, the permeability after the 
reaction should become lower than the permeability before reaction. However, the measurement after the 
reaction shows an increase of 6.5~16.2 fold in the permeability. Radial cracks on the sample surface after 
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the reaction may be one of the reasons for this (Fig. 3). It is currently thought that the crack was induced 
by following factors 1) dry shrinkage, 2) mineral volume changes, and/or 3) the rapid pressure release in 
the reaction vessel after the reaction. The least reliable reason for crack occurrence based on the current 
results in this study is mineral volume changes. Although the relationship between the carbonation rate 
and the permeability after the reaction shows good agreement is the concordant, the rate of change of the 
permeability tells a different story. In contrast, the rate of change of the permeability shows a negative 
relationship with the carbonation rate. If the crack on the sample surface is due to a change in the mineral 
volume, it is more feasible that the rate of change of the permeability and the carbonation rate would be 
positively correlated. Therefore, it can be deduced that the main reasons for the crack occurrence are 1) 
dry shrinkage and 3) the rapid pressure release in the reaction vessel after the reaction. Considering the 
field situation, it is not clear if crack can occur under a high confining pressure condition. 
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